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Abstract:  The main activities and recent  developments  towards  the implementation  of meter-long, high-performance  fibre 
grating  dispersion  compensators  in the Optoelectronics  Research  Centre,  Southampton  University are  reviewed. Performance 
requirements  of fibre-Bragg-gratings  disprsion compensators  and  their impact  on transmission  systems  will  be discussed.  We 
will report  on the  characteristics  of continuously  chirped  FBG’s capable  of compensating  linear and  third-order dispersion  over 
-1Onm  bandwidth. Finally, system  results  using  chirped  FBG’s as  dispersion  compensators  will  be given. 
Introduction 
Erbium-doped fibre amplifiers have  effectively 
removed the  propagation-loss barrier in  modern 
telecommunication systems, providing  high  gain 
(>5OdB)  and low noise figure (-3dB)  [l]  over a wide 
bandwidth  (30-8Onm)  [2] at around l.j$un,  and  have 
enabled  high-bit-rate  data  transmission  over 
transoceanic distances [3].  However, to  date, the 
majority of the installed optical fibre shows a zero 
dispersion at -1.3u.m and exhibits a relatively high 
dispersion  (-  +17ps nni’  km-’  with  a slope of - 
+O.O7ps  run2 km’  ) across the erbium band.  This 
implies  that the upgrade of the existing global optical 
network  by  making  full  use of  the entire erbium 
bandwidth, by TDM and/or  WDM techniques,  will be 
severely  limited by the effects of linear and  third-order 
fibre dispersion  The dispersion effects  become  even 
more adverse  when combined with the optical fibre 
non-linetities. 
Efficient dispersion-compensation  schemes  will 
be of paramount importance in all the future, high- 
capacity optical  networks.  So  far,  a number of 
di6erent  dispersion  compensation  techniques,  such  as 
dispersion compensating fibres [4], linearly-chirped 
fibre  gratings [S], mid-point  spectral inversion [q, 
have  been  proposed and studied extensively. 
Chirped  Fibre  Bragg  Gratings (FBG’s)  are 
proving to be one of the most promising devices  for 
linear,  as  well as,  third-order dispersion  compensation 
in  optical fibre Iinks.  They are low insertion loss, 
polarisation  insensitive, linear  devices.  Gratings, 
however,  are  inherently  reflective  devices and, 
currently, tend to  be  relatively narrow-bandwidth 
components. 
This  paper  wilI concentrate  on the main activities 
and  recent  developments  towards the implementation 
of  meter-long,  high-performance  fibre  grating 
dispersion  compensators in  the  Optoelectronics 
Research  Centre,  Southampton  University.  We wilI 
start  with  the performance requirements of  FBG 
dispersion compensators  and their impact on optical 
fibre transmission  systems. We will  also review the 
main  grating fabrication technique that gives full 
control  on the  reflection and dispersion characteristics 
of  the  produced gratings.  We  will  report  on 
continuously  chirped FBG’s capable  of compensating 
linear  and  third-order  dispersion  over  -5nm 
bandwidth  Finally, system results, using chirped 
FBG’s as  dispersion  compensators,  will be given. 
Chirped  Fibre Grating  Characteristics 
The characteristics of  standard (unapodistd) 
chirped  FBG’s are  far from satisfactory  for use in high 
performance  optical  applications. Their reflection and 
time-delay  characteristics  suffer from relatively large 
undulations  (ripples)  that  scale with  the  grating 
maximum reflectivity.  It  is understood that  such 
ripples  are caused by  light  that  is  trapped  and 
multiply-reflected from the grating  edges [7].  TO 
ehinate  these  parasitic  effects  and make the gratings 
suitable  for  high-performance  applications,  the 
refractive-index  modulation  should  be  properly 
tapered  (apodised)  [S-9]. 
The  dispersion  characteristics of  apodised, linearly-chirped  FBG’s  have  been  studied 
systematically [lo].  It  is shown that for a certain 
reflectivity and FWHM bandwidth, tight apodisation 
profIles  result  in excessive  grating truncation  and show 
inferior performance. It was shown numerically  that 
positive-hyperbolic-tangent profiles give an overall 
superior  performance  as  they  provide  minimum 
average  time-delay  ripples with the smallest  reduction 
in linear  dispersion  (as compared  with the unapodised 
case). Figures l(a) and (b) show the calculated  mean 
linear  dispersion  and  average time-delay ripple, 
respectively, as a function  of  the FWHM  grating 
bandwidth for different apodisation profiles.  In all 
cases,  the grating length is 1Ocm  and the reflectivity 
0.999.  It  is shown that,  for  the same bandwidth 
apodisation  profiles with increasing  degree  of grating 
tnmcation(ti-sin-sine-sin’-Blackman)result 
in progressively  reduced  linear dispersion  and similar 
average  time-delay ripples.  The unapodised  case  is 
also shown for comparison. 
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F%gure  1:  (u) Calculated mean linear dispasion  and (b) avorage 
time-delay ripple, as a function of the FWHM grating  bantidth 
for diffknt  apodisation  profiles.  In all  cases,  the  grating  length  is 
IOcm and the nffcctivity  0.999. 
The eyeapening (EO) penalties  of lOGb/s  data, 
as a function of the standard-fibre link  length, for 
different apodisation profiles, are shown in Figure 2. 
It is shown that the positive-t&n  profile results in 
4dB  EO-penalty  reduction  and  no  sign&ant 
reduction in fibre-link length, as compared  with the 
unapodised  case. Tighter apodisation  profiles result in 
similar EO penalty  reductions  and much reduced  link 
lengths. 
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Figure 2:  EO penalty  as  a function of the fibre-link length, for 
difkcnt  apodisation  profiles. The FWHM grating bandwidth  is 
0.2nm. 
The  tolerances  of data-transmission  penalties  on 
the  grating  reflectivity and time-delay  variations  have 
been  aho investigated  [ 111. Figure 3(a) and (b) show 
themaximum  and  minimum EO penalty as a function 
of  the peak-to-peak amplitude modulation of  the 
reflection and time-delay  spectra,  respectively. The 
modulation period is  1Opm  which  corresponds to 
grating  length of -1 Ocm.  lOGb/s NRZ  data are 
considered. 
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Figure 3:  Maximum and minimum EO penalty  as  a function of 
the  peak-  amplitude  modulation  of (a) the reflection and  (b) 
time-delay  spectra. It is shown that for an EO-penalty  smaller  than 
0.543,  the required  reflectivity  variation should  be less 
than -32%  (- 1.67dB) while the peak-to-peak  time- 
delay  ripples  should  be less than -170~s.  Digital data 
transmission is, therefore, quite tolerant to grating 
imperfections  and  well  &hin  the  present 
manufacturing  tolerances  [ 121. 
Chirped  Fibre Grating  Fabrication 
A  novel, flexible  technique for  writing  fibre 
gratings  with  a  uniform  phase mask  has  been 
developed  [ 131.  By slowly moving the fibre relative  to 
the  phase  mask  as  the  writing beam  is scanned  various 
different features,  such as central-wavelength  shit& 
pure apodisation and phase-shifted gratings can be 
achieved. Apodised standard gratings  with side-lobe 
suppression  in excess  of 40dB can be easily  achieved 
[14]. This technique  is also capable  of compensating 
for  imperfections of  phase masks and, therefore, 
improve the quality of the written gratings [IS]. 
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Figure 4:  (u) Reflection  and (b) time-delay  characteristics  of a 
Im-long, 5.&m  bandaidth, continuously-chirped  fibre grating. 
This technique has been further developed  and 
currently enables  the production of meter-long fibre 
gratings  of continuous, arbitrary  apodisation and 
chirp profiles [ 16-  181. High quality, linearly-chirped 
FBG’s,  with FWHM bandwidth in excess  of 9nm and 
peak-to-peak  time-delay deviation from linearity of 
less than -loops,  are routinely  produced.  This 
method  is  limited  by  the  length  of  high  quality 
translation  stages.  Such  compensators  are suitable for 
use  as  dispersion  compensators  in high-speed  optical 
links (see  Fig.  3).  Figure 4 shows the reflection and 
dispersion characteristics of  a  lm-long,  5.2nm- 
bandwidth,  continuously-chirped  fibre  grating, 
showing  a linear dispersion  of -19OOps/nm  with time 
delay  deviation  less  than 4  1  Ops. To demonstrate  the 
flexibility  of the  writing  technique, continuously- 
chirped gratings capable of compensating  linear, as 
well as,  3rd-arder  dispersion  were manufactured  [ 193. 
Figure 5: (a) Rcf.kctioa,  (b) time-delay  and (c) deviation from 
linear time-delay  characteristics  of a Im-long, 93nm-bandwidth, 
con6nuously-quadraticallychirpcd  fibre grating. 
Figure 5 shows the reflection and time-delay 
characteristics of  a  lm-long,  9.5nm-bandwidth, continuously-quadratically-chirped  fibre grating with 
linear and 3rd-order dispersion characteristics. The 
mean  (linear)  dispersion  is  -10 15ps/nm.  The 
maximum  deviation from linearity at both reflection- 
bandtkidth  edges is  -680~s.  This  grating  can 
compensate  for the linear and 3rdsrder dispersion  of 
3 17k1-n  of AT&T  “TrueWave” fibre. 
Transmission System Results 
The  latest  improvements  in chirped fibre-grating 
characteristics, have rendered them one of the most 
serious  candidates  for future dispersion-compensation 
applications.  To  accommodate for  transmitter 
wavelength-drifts,  which  are  inevitable  with  the 
present diode  technology,  either  short,  narrow- 
bandwidth (-0.2nm) and widely-tunable wavelength- 
tracking fibre gratings [20], or long, wide-bandwidth 
(>5nm) could be used. Chirped fibre Bragg gratings 
have  been  successfully  employed as  linear-dispersion 
compensators  in  a  mtmber  of  high-bit-rate 
transmission  systems. 
Transmission  of 1  OGb/s,  NRZ data over several 
kilometers  of step-index  standard fibre links has  been 
demonstrated  using dispersion-tunable  [2 13  or fixed- 
dispersion narrow-band chirped fibre gratings [22]. 
Using a cascade  of mo 1  Ocm  linearly-chirped  gratings 
in a field trial, transmission  up to 537km of standard 
telecom  fibre was demonstrated,  at lOGb/s [23].  The 
transmission distance  was extended  to 700km when 
the  narrow-band  (-007nm)  grating  dispersion- 
compensation scheme was  combined with  the  a 
bandwidth-saving duobinary transmitter [24].  It is 
predicted that the reduced sensitivity to optical fibre 
non-linearities, when a duobinary NRZ transmission 
format  is  used,  results  in  a  -70%  increase in 
tnnsmission  distances,  as compared  with the standard 
binary NRZ format [25]. 
Broadband  dispersion  compensation  over 1lOkm 
of standard  telecom  fibre at lOGbit/s @RZ) has  also 
been demonstrated by  using  a pair  of  36cm-long 
chirped  fibre  gratings  [26].  This  field  trial 
demonstrated  that the grating technology is suitable 
for  compensation  of  laser  diodes  with  large 
wavelength drift.  A  pair  of  continuously chirped 
40cm-long, clnm-bandwidth have also been used to 
compensate  4OGbitMJl.55~  over  -llOkm  of non- 
dispersion-shifted  fibre [27]. 
In the majority of the reported results, linearly- 
chirped  fibre  gratings  were  used  as  dispersion 
compensators  in a single location along the fibre  1s 
However,  numerical  calculations  have  shown that it is 
advantageous to  spread  the  fibre  compensators 
throughout the fibre link  in order to minimise the 
effect  of  fibre  non-linearity  [28-291.  Using  this 
dispersion-compensation  topology, high-bit-rate error- 
free  linear  bansmission  is predicted over fibre links in 
excess of  1OOOkm  [29].  In  a recent experiment, 
lOGbit/s soliton transmission  over 1  OOOkm  standard 
fibre was  demonstrated  using a combination  of chirped 
fibre grating and an EDFA every 1  OOkm. 
Conclusions 
With  the  development  of  new,  versatile 
fabrication techniques,  wide-bandwidth high-quality 
chirped  fibre Bragg gratings, capable  of linear as  well 
as 3rd-order dispersion compensation, can now be 
manufactured. Fibre Bragg gratings have been used 
successfully  as dispersion  compensators  in a number 
of  high-bit-rate, long-distance linear  transmission 
systems. Grating technology  is proving to be one of 
the strongest  candidates  for upgrading the installed 
standard-fibre network to  the  1.55~  wavelength 
window. 
Acknowledgements:  This work  was supported  by 
Pirelli  Cavi SpA.  The  Optoelectronics Research 
Centre  is an EPSRC-fbnded  Interdisciplinary  Research 
Centre. 
References 
VI 
VI 
[31 
141 
R. I. Laming, M. N. ikvas  and D. N. Payne,  %rbium- 
doped  fibre amplifier with  54dB gain and 3.ldB  noise 
figure”,  EEE  Photon.  Technol.  Leti,  vol. 4, no. 12, pp. 
1345-1347  (1992). 
A  Mori, Y. Ohishi, M. Yamada,  H. Ono, Y. Nishida, K 
Oikawa  and S. Sudo,  “1.5pm broadband  amplification  by 
teihuidc-based  EDFA’s’,  in Confkrencc  on OpticalFibre 
Communication (OFC  ‘97), post-deadline  paper PDl 
(1997). 
N. S. Bcrgano, C. R  Davidson, G. M.  Homsey,  D. J. 
Calmus, P. R  Trischitta, J. Aspell, D. A  Gray, R  L. 
Mayixch, S.  Yamamoto,  H  Taga,  N. Edagawa,  Y. Yoshita, 
Y.  Hiriuchi,  T. Kawazawa,  Y. Namihira and S. Akiba, 
‘9OOOkm,  5Gbis  NRZ transmission  experiment  using 274 
erbiumdoped  fibre amplifks”,  in OpticalAmplifers  and 
Their  Applications,  Santa Fe, New Mexico, June 24-26 
1992,  Postdeadline  paper  PDl 1. 
C.  Lin,  H.  Kolgenik, and L.  Cohen, “Optical  pub KJI 
[61 
171 
181 
PI 
DOI 
[ill 
P21 
1131 
u41 
D61 
1171 
WI 
WI 
WI 
equalisation  and  low-dispersion  transmission  in single-mode 
fibres in the  I .3-l .7um spectral  region”,  Opt. Len,  vol. 5, 
pp. 376378  (1980). 
F.  Oucllette,  ‘Dispersion cancellation  using  linearly chirped 
Brag8  gratings  in optical waveguides”,  Opt  Left., vol. 12, 
pp. 847-849 (1987). 
A  Yativ, D. Fekctc.  and D. M. Pepper,  “Compensation  for 
channel  diipersion by nonlinear  optical phase conjugation”, 
Opt. Let&, vol. 4, no. 2, pp. 52.S4  (1979). 
L. Poladian,  Graphical  and WKB snalysis  of nonuniform 
Bragg gratings”. Physical  Review  E, vol.  48, no. 6, pp. 
47584767 (1993). 
M. Matsuhara  and K. 0.  Hill,  “Optical-wavcguide  band- 
rejection filters: Design”, Appl.  Opr,  vol.  13, no. 12, pp. 
2886-2888  (1974). 
H.  Kogelnik,  “Filter  response of  nonuniform almost- 
periodic structures”,  Bell  System Technical Journal,  vol. 
55, no. 1, pp. log-126 (1976). 
M. N. Zcrvas, K. Ennser and R  I. Laming, “Design of 
apodised linearly-chirped  tibre  gratings  for  optical 
communications”,  in Proc.  22nd European  Conference on 
Oplical Ccnunun  icatknu  (ECOC ‘96),  paper  WeP.06,  pp. 
3.233-3.236, Oslo 1996. 
K  Ennser,  R  L Laming, M  N. Zervas,  M  Ibsen  and M 
Durkin, “Effects of non-ideal group delay and reflection 
charactciistcs  of  chirped  fibre  gratings  dispersion 
compensators”,  accepted  for ECOC  ‘97, U.K. 
M.  J. Cole, H  Geiger, R  I. Laming, S. Y. Set, M  N. 
Zcrvas,  W. H. Loh and V. Gusmeroli,  “ ” in Proc. ECOC 
‘96, Oslo,  Norway, postdeadline  paper  Th3.5, pp. 5.19-22 
(1996). 
M. J. Cole, W. H. Lob, R I. Laming,  M. N. Zcrvas  and  S. 
Barcelos, “Moving  fibre/phase mask-scanning  beam 
technique  for  enhanced flexibility  in  producing fibre 
gatings  with uniform  phase  mask”,  Elecbon.  Lett , vol. 3  1, 
no. 17, pp. 1488-1489  (1995). 
W. H L&,M  J. Cole, M. N. Zervas,  S.  Barcelos  and  R L 
Laming, “Complex grating structures  with uniform phase 
masks  basal on moving fibre-scanning  beam  technique”, 
Opt  Len,  vol. 20, no. 20, pp. 2051-2053  (1995). 
W. H. Loh, M  J. Cole, M. N. Zervas  and R  I. Laming, 
“Compensation  of imperfect  phase  mask  with moving  fibre- 
scanning  beam  technique  for production  of fibre gratings”, 
Elecbon.  Lett  , vol. 31, no. 17, pp. 1483-1485  (1995). 
M. J. Cole, S. Aina, M. Durkin, M  Ibsen,  F. Vavinctti, L. 
Arcangeli, V. Gusmeroli and R  L Laming, “Design and 
application  of long, continuously-chirped  fibre gratings”,  in 
IEE  Colloquium  on  Advanced  Devices  for  Optical 
Communications,  London (1997). 
M. J. Cole, H  Geiger, R  I. Laming, S. Y. Set,  M. N. 
Zcrvas, W.  H.  Lob  and  V.  Gusmeroli, “Broadband 
dispersion  compensating  chirped  fibre Bragg  gratings  for a 
lOGb/s NRZ  1lOkm  non-dispersion-shifted  fibre  link 
opcrathg a! 1  .%pm”,  &cbon.  Left,  vol. 33, no. 1, pp.  7s 
71 (1997). 
L. Doag, M  J. Cole,  A. D. Ellis, M  Durkin, M  Ibsen,  V. 
Gusmcroli  and  R L Laming, “40Gh’s 1.5Spm  transmission 
over  109km of  nondiirsion  shit&l  fibre with  long 
continuously-chirped fibre gratings”, in Proc.  OFC  ‘97, 
Dallas, p&deadline paper  PD6 (1997). 
M.  Ibsen, M  Durkin, K  Ennser, M  J. Cole and R  L 
Laming,  ‘long,  continuously chitped  fibre Bragg  gratiags 
for  compensation  of  linear  and 3rd-order dispersion”, 
acceptedfor  ECOC  ‘97. 
S. Barcelos,  R  I. Laming, W. H. Loh and M. N. Zctvas, 
“Broad-range,  wavelength-tunable  chirped  fibre grating”, 
PII 
WI 
I231 
[241 
WI 
PI 
[271 
WI 
PI 
in Proc.  ECOC’96. Oslo, Nonvay, paper  MoB.3.4, pp. 
I .S7-1.59  (1996). 
R I. Laming,  N. Robinson.  P. L. Scrivener,  M. N. Zet-vas, 
S. Barcclos,  L. Retkie and J. A. Tucknott, “A dispersion 
tunable  grating  in a IO-Gb/s  IOO-200~km  stepindex fiber 
link”, IEEE  Photon. Technol. Let&  vol. 8, no. 3, pp.  428 
430 (1996). 
W. H Lob,  R L Laming,  X. Gu, M. N. Zervas,  M. J. Cole, 
T. Widdowson,  snd  A. D. Ellis, “1Ocm  chirped  fibre Brag8 
grating  for d&p&on compensation  at 10 Gb/s  over 4OOkm 
ofnondispersio&iftal  fibre”, Elecbon. Lett, vol. 31, no. 
25, pp. 2203-2204  (1995). 
W. H. Loh, R  L Laming, N. Robinson,  k  Cavaciuti, F. 
Vaninttti,  C. J. Anderson,  M. N. Zervas  and M.  J. Cole, 
“Dispersion compensation  over distances  in  excess  of 
5OOkm  for lOGb/s  systems  using chirped fibre gratings”, 
IEEE  Photon.  Technol. Leti,  vol.  8, no. 7, pp. 944-946 
(1996). 
W. H. Loh, R  L Laming, A  D. Ellis and D. Atkinson, 
LEEEPhotovr Tcchnol Lea, vol. 8, pp. 12581260 (1996). 
K. Enmr, R L Laming  and  M  N. Zcrvas,  ‘Phase-encoded 
duobinary tmmmission  over non-dispersion  shi&d  fibre 
links  using chirped grating dip&on  compensator9, 
Elecbon.  Lctf , vol. 33, no. 1, pp. 72-74 (1997). 
M.  J. Cole, H  Geiger,  R  L Laming, S. Y.  Set, M  N. 
Zen-as, W.  H  Lob,  and V.  Gusmeroli, “Broadband 
d@ersion-compcnsatmg  chirped  fibre Bragg  gratings  ia a 
10Gbtis NRZ  1lOkm non-dispersion-shifled  fibre link 
z;  l.SSpm”,EZecbat  Lrrt,  vol. 33, no. 1, pp.  70- 
L. Dong, M. J. Cole,  A  D. Ellis, M  Durkirt, M  Ibsen,  V. 
Gusmcroli and R  I.  Laming, “40Gbiis  l.SSpm over 
109km  of non-dispersion-shifted  fibre with  contimousiy 
chirped fibre gratings”,  in Proc.  OFC’97,  Dallas, Texas, 
postdeadline  paper  PD6, (1997). 
D. Atkinson,  W.  H Lob,  J.  J. O’Reilly, R  L Laming, LEEE 
Photon. Technol. Lett,  vol.  8, pp. lOSS-1087  (1996). 
K  Ennser,  M. N. Zcrvas  and R L Laming, “Optimisation 
of  linearly  chirped  grating  dispersion  compensated 
systems”, Opt Fibre Technol.,  vol.  3, pp. 120-l 22 (1997). 